Extinction risk assessments of marine invertebrate species remain scarce, which hinders effective management of marine biodiversity in the face of anthropogenic impacts. To help close this information gap, in this paper we provide a metric of relative extinction risk that combines palaeontological data, in the form of extinction rates calculated from the fossil record, with two known correlates of risk in the modern day: geographical range size and realized thermal niche. We test the performance of this metric-Palaeontological Extinction Risk In Lineages (PERIL)-using survivorship analyses of Pliocene bivalve faunas from California and New Zealand, and then use it to identify present-day hotspots of extinction vulnerability for extant shallow-marine Bivalvia. Areas of the ocean where concentrations of bivalve species with higher PERIL scores overlap with high levels of climatic or anthropogenic stressors should be considered of most immediate concern for both conservation and management.
Background
Anthropogenic impacts, ranging from climate change to resource exploitation and urbanization, are evidently driving an increasing number of species to the brink of extinction [1] [2] [3] . Documented biodiversity losses attributable to human impacts have been much sparser in the oceans than on land but are likely to increase [4 -7] . Managing marine biodiversity in the face of such pressures requires reliable estimates of extinction vulnerabilities of individual species and clades, information that is lacking for the vast majority of marine species [8, 9] . Formal assessments of extinction vulnerability by the International Union for the Conservation of Nature (IUCN) are widely available for terrestrial vertebrates and are valuable for conservation science, business and policy [10] [11] [12] [13] [14] . However, only a minute fraction of invertebrate species (2%) have been evaluated by the IUCN [7, 8, 15] ; as of 2014, only 13% of marine species (mostly vertebrates) have been assessed, of which 25% are Data Deficient (DD) [16] . Here, we address this information gap using a new metric of extinction vulnerability that integrates palaeontological data on the extinction history of lineages with the present-day geographical range sizes and realized thermal niches of individual species, factors which have repeatedly been shown to be associated with extinction risk [17] [18] [19] [20] . We test the performance of this metric during a past extinction event using two widely separated and well-resolved Pliocene bivalve faunas, and then use it to assess the extinction vulnerabilities of 5681 shallow-marine living bivalve species globally, to identify vulnerabilities of extant species and geographical hotspots of potential extinction risk.
Material and methods (a) Extinction metric
Extinction vulnerabilities of species and higher taxa are determined by a variety of ecological and life-history traits, many of which can be species/clade specific [17, 18, 21, 22] . Identifying trait combinations that are reliable predictors of extinction vulnerability for a particular group is a prerequisite for developing effective metrics of extinction risk. One approach for identifying such traits is to analyse information from past extinctions. Recent studies have used a logistic regression approach using fossil datasets to identify traits that are the best correlates of extinction risk in past extinctions and used those to develop predictions of future vulnerability [9] . While this can be a powerful method, it does rely on a central assumption-that relative contributions of each parameter to extinction risk from anthropogenic impacts are the same as those during past extinctions. Yet, it is increasingly evident that many of the impacts faced by species today [23] differ strongly from those in the geological past [1] . For example, size-selective harvesting is recognized as having a negative impact on many marine fish and invertebrates [24, 25] , but such human predation has no natural analogue [26, 27] . The ability of parameters chosen solely using past extinctions to predict future anthropogenic losses remains unclear. Accordingly, we formulated a vulnerability metric using parameters known to be reliable correlates of vulnerability in the current extinction crisis. Following the same reasoning, we chose to assign equal weights to each parameter in our metric, rather than using a weighting scheme using past extinctions [9] . This approach is the most parsimonious where the relative contributions of factors are unknown. However, our metric could be easily adapted to incorporate a weighting scheme if desired for future analyses (see discussion in the electronic supplementary material).
The vulnerability metric used here, termed PERIL (Palaeontological Extinction Risk In Lineages), is a measure of relative risk that can be stated as PERIL ¼q þ 1= log r þ 1=T, whereq is the extinction rate of genera within a clade (here, a taxonomic family), r is the geographical range occupied by the species (km 2 ) and T is the range of sea-surface temperatures (SST) occupied by the species (8C).
Extinction rates are calculated from the fossil record of genus durations within families (electronic supplementary material). Such rates are phylogenetically conserved in marine bivalves [28] , specifically at the family level, as used here and other groups, such as mammals and birds [21] , angiosperms [29] and ammonites [30] , and thus should be relevant for assessing species-level vulnerabilities; we view this as a measure of clade volatility, and thus sensitivity to stresses in general, rather than to any specific pressure. Geographical ranges are represented by the area of the convex hull of species occurrences. A large geographical range increases the probability of surviving a perturbation, providing that the reach of that event is smaller than the range of the species (electronic supplementary material). Realized thermal niches of species are the range of satellite-derived SST (data from MARSPEC [31] encountered by the convex hull of the species). Thermal niches are likely to play a significant role in mediating species' responses to anthropogenic warming [19, 20] (electronic supplementary material), and so we include them in our vulnerability metric. We treat geographical distributions and realized thermal ranges as separate parameters because recent studies show that geographical range size can be a poor predictor of the thermal niches of marine species, most notably in the tropics [32] . Unfortunately, direct measurements of physiological tolerances are available for only a handful of marine bivalve species, and estimates of realized thermal niches of species can only approximate their true thermal tolerances, but these estimates are likely to be conservative, especially for widely distributed species [20] .
All three parameters are range-scaled between 0 and 1 to equalize their contribution to the final score. Geographical range is logged because the distribution is heavily skewed, and geographical range and thermal niche are inverted so that large raw values correspond to low scores, because larger ranges and wider thermal tolerances are known to provide resilience to extinction. Parameters are summed and the result is also range-scaled between 0 and 1 as a final step, so that PERIL scores of 0 indicate the least and 1 the most risk among the analysed set of species. The parameters are thus equally weighted in our formulation.
(b) Data
We use the PERIL metric to evaluate relative vulnerabilities of extant marine bivalve species (n ¼ 5681), from the intertidal zone to the edge of the continental shelf (taken as 200 m), using a global distributional database of shallow-water marine bivalves [33] . Bivalves are a highly biodiverse group which provide important ecosystem services and support key fisheries. Species distributions of marine bivalves across the world's oceans are well documented [34, 35] , and the group has an excellent fossil record, which allows for robust estimates of the present-day and palaeontological parameters of the PERIL metric.
(c) Test of metric in the fossil record
Because PERIL cannot be tested using living species, we used two well-documented regional extinctions during the Pliocene-California [36] and New Zealand (NZ) (using the late Pliocene (Mangapanian) local stage) fauna [37] -instead. These faunas have relatively high levels of species extinctions (table 1) and well-resolved taxonomies including many genera with extant representatives (electronic supplementary material), making them ideal for testing the effectiveness of PERIL. The Pliocene faunas are on opposite sides of the Pacific Ocean, with just one species in common (Hiatella arctica) ¼ 0.2% of the combined total (n ¼ 444), and so can be treated as independent tests. (We calculate a separate regional convex hull for H. arctica Table 1 . Number of species, median range size (in number of bins), mean-scaled extinction rate and mean PERIL score for the extinct and extant components of the Pliocene-Recent datasets. in each region, to preserve independence of the faunas.) We chose to use well-resolved regional faunas rather than an aggregation of global records because of concerns regarding the taxonomic standardization and spatial coverage of publicly available global Pliocene data [38] . Comparison of our datasets to corresponding downloads of Pliocene data from the Paleobiology Database (PBDB) [39] confirms this: after taxonomic standardization, the PBDB records 108 (43%) of the 254 bivalve species in the Pliocene California dataset used here and contains no Late Pliocene locality records at all from NZ; there are only 24 Pliocene NZ bivalve species in the PBDB, of which five range into our Late Pliocene dataset of 191 species. We computed the PERIL scores for each species in each of the Pliocene assemblages (see electronic supplementary material for methods) and then used generalized linear models to conduct a survivorship analysis for each parameter alone, and the complete PERIL metric, using DAICc to compare the performance of these models (table 1 and figure 1 ).
(d) Palaeontological extinction risk in lineages' hotspots in present-day oceans
To identify global hotspots of PERIL, we use an approach analogous to the Red List and map distributions of at-risk taxa in the global oceans. Unlike the Red List, PERIL scores are not inherently categorical, so we have chosen the 80th percentile as a 'high' risk threshold, and mapped proportions of species in each grid-cell that score over that threshold (figure 2a). For comparison, we also map raw counts of species over the 80th percentile threshold in each grid-cell (figure 2b), with robustness of findings under alternative thresholds documented in electronic supplementary material, figure S3.
Results and discussion (a) Test of metric in the fossil record
In both fossil faunas, the model incorporating the PERIL score predicts the likelihood of extinction better than any parameter alone (table 2) . The consistency of these results between two faunas with different stratigraphic frameworks and a single shared species validates PERIL as an effective index of extinction risk. The performance of the PERIL model also suggests that equal weighting of parameters can validly predict past extinctions.
(b) Palaeontological extinction risk in lineages' hotspots in present-day oceans
Although the most biodiverse regions of the ocean can have large numbers of at-risk bivalve species in absolute terms, our results show that they do not necessarily harbour proportionately more at-risk species than areas with lower species richness (figure 2a). For example, the tropical IndoWest Pacific (IWP) region harbours proportionately fewer at-risk bivalve species per cell than NZ. This is because a significant fraction of the IWP species have broad geographical ranges, and although these ranges are primarily achieved by tracking isotherms within the tropics [32, 33] , many of these species also extend into neighbouring temperate zones [41] , and thus have larger realized thermal niches overall than species restricted to smaller provinces. The high proportion of at-risk species in NZ reflects the relatively small amount of shelf habitat and high levels of endemism [42] , resulting in both small geographical ranges and narrow realized thermal niches. This decoupling of species richness and extinction risk in bivalves differs from that observed for reef corals, where ecoregions with the highest species richness also contain the highest proportion of threatened species [43] . Our maps qualitatively resemble maps of risk in other clades produced from available IUCN data (e.g. www.biodiversitymapping. org), suggesting congruence between our approach to risk assessment and that of the Red List.
Our results also reveal a striking contrast between the two poles-the Southern Ocean harbours proportionately more species with high PERIL scores than does the Arctic ( figure 2a) . This reflects the fact that many Arctic taxa range outside the polar region and thus have larger realized thermal niches than taxa in Antarctica, which can often have large circumantarctic geographical ranges but small realized thermal niches reflecting the narrow temperature range in the polar Southern Ocean (electronic supplementary material, figure S4) . A previous study [9] identified risk hotspots for marine bivalves using grid-cell means of their intrinsic risk measure. Their study highlights, for bivalves, NZ, NE Australia to Fiji, Sumatra and the Caribbean, with the rest of the IWP, Madagascar and the eastern coast of Africa also being relatively high risk. PERIL finds high risk in the Caribbean and NZ regions using a proportion of species over the 80th percentile, but also finds very high risk in Antarctica, Hawaii, the tropical E Pacific and the West coast of Africa (figure 2a), which are not identified by Finnegan et al. [9] . Differences are not surprising given the differences in analytical approach and underlying data. Moreover, Finnegan et al. focused on extinction risk for genera, whereas our results are at the species level, which can produce different spatial trends. What is striking is that, despite these differences in methodology and data, two of the strongest hotspots in terms of proportion of the biota at risk-the Caribbean and NZ-are the same in both studies. This strongly suggests that bivalve taxa in these regions may be particularly vulnerable to anthropogenic threats.
The PERIL metric allows us to rank extinction risks, but modelling future vulnerabilities of species also requires information about the magnitude of threats they are likely to encounter. We investigated potential overlaps of PERIL and threat hotspots by comparing the proportion of high PERIL score species in marine provinces (sensu Spalding et al. [44] ) with the human impact scores of Halpern et al. [45] [46] [47] and climate change velocities calculated for the same provinces [19] ( figure 3) . Multiple marine provinces show overlap (figure 3), )), but they constitute a smaller proportion of the fauna than the at-risk species in the much more depauperate Antarctic fauna (as in (a)). [48] , and for corals, gastropods and lobsters [49] . Some of these areas are tropical, harbouring high species richness, while others are in temperate waters with lower species richness but distinctive bivalve assemblages. However, the lack of such overlap, by itself, does not mean that other PERIL hotspots are of less concern, especially given that the two metrics of impact used here do not cover all aspects of global change. A case in point is the high-latitude Southern Ocean. This region harbours a substantial concentration of bivalve species with high PERIL scores (figure 2a) and its aragonite saturation state is expected to decrease substantially by mid-century owing to anthropogenic ocean acidification [50] . Such a decrease could negatively affect Antarctic bivalve species [51] and other calcifying organisms.
The PERIL index is a relative metric and is calculated very differently from the absolute vulnerability metric of the Red List and results in a continuous metric as opposed to categorical assignments. Nevertheless, the expectation is that species with high relative vulnerability scores should, in general, also score high on an absolute vulnerability scale. Testing the correspondence between PERIL and IUCN categories is difficult because the threat status of so few marine bivalve species has been assessed by the IUCN. Only 10% of molluscs (the majority of them from freshwater) have been assessed, with a total of 29 species of marine bivalves, of which 15 are classed as DD [15] . This sample size is not sufficient for strong statistical conclusions, but a Spearman rank-order correlation test shows a weakly positive relationship between PERIL and Red List categories if DD species are excluded (n ¼ 14, r ¼ 0.25, p ¼ 0.38) and a moderately positive relationship if DD species are included and ranked between LR and VU as displayed in IUCN publications (n ¼ 29, r ¼ 0.4, p ¼ 0.02). On the balance of available evidence, the IUCN designations and the PERIL index are largely concordant.
We do not have a full inventory of all living bivalve species, and the same is true for many other clades. Discovery of new [9] and SOM) in Spalding et al. [44] provinces. (b) Mean climate velocity (Burrows scores, see [9] and electronic supplementary material) in Spalding provinces and (c) PERIL scores: proportion of taxa in grid-cells scoring higher than the 80th percentile (as in figure 2(a) ).
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181698 species might affect the results reported here in terms of spatial patterns of proportional risk to faunas, but the raw score of a species is not affected by the presence or absence of another species. Additions or subtractions of species will require the rescaling of the dataset, but the impact of new species discoveries on the mapping of risk hotspots will depend on existing knowledge of the clade, and the number and location of new discoveries. For bivalves, a well-studied clade, a recent quantitative model of species discovery [52] shows that undescribed species are unlikely to alter large-scale present-day diversity patterns and represent only small proportions of regional faunas, suggesting that large-scale spatial patterns of PERIL should be relatively robust to sampling. Just as Red List assessments are periodically revisited, PERIL scores for clades should be regularly updated in light of new taxonomic work. Shifts in geographical distributions of marine species in response to anthropogenic transport and climate change have already been documented [53] and are predicted to intensify in the future [20] . Such changes will, of course, also affect PERIL scores-introduced species established on a second coastline, or expanding along a single coastline as they track warming temperatures, should be less vulnerable to global extinction than those remaining in place; species whose ranges contract owing to climate change, pollution, overfishing, anoxia and other factors [45] [46] [47] will become more vulnerable. The dynamic nature of the PERIL metric can be used to monitor how relative vulnerabilities of species change as anthropogenic effects intensify.
How anthropogenic extinctions will impact trait and functional diversity of marine species also remains poorly known; the decline in the functional diversity of marine bivalves with the latitudinal decline in taxonomic diversity is a poor predictor of extinction effects [54] . Body size has featured prominently in analyses of extinctions, both in the geological past and in the present day [13, 18, [55] [56] [57] , and a recent study [58] suggested that future extinctions of marine invertebrates are likely to be size-selective, where large-bodied species are often disproportionately at risk. For marine bivalves, however, we find the opposite: PERIL is weakly negatively correlated with body size (Pearson's product-moment correlation ¼ 20.13, p ¼ ,2.2 Â 10
26
) and overall, bivalves above the 80th percentile PERIL score threshold are significantly smaller than those below it (two-sample Kolmogorov-Smirnov test, p ¼ ,2.2 Â 10
; electronic supplementary material, figure S5) , and when families are tested independently, where there is a significant difference it is the smaller species that are more at risk (electronic supplementary material, table S2 and figure S5). Our results most likely differ from those of Payne et al. [58] because that study included only three fully marine genera or subgenera of Bivalvia with IUCN risk assessments (out of a total of 2561 molluscan genera).
Our comprehensive analysis of marine bivalves suggests that anthropogenic extinctions are likely to preferentially affect small-bodied species of marine bivalves, a pattern opposite to that seen for terrestrial vertebrates [59] , which are often put disproportionately at risk at larger body sizes [60] . A subset of large-bodied bivalve taxa are exploited commercially, but these and many other large species tend to be sufficiently widespread to avoid the potentially bimodal sizedistribution of extinction risk recently reported in vertebrates [61] . The pattern for bivalves observed here, given the majority of wild bivalve species are not exploited commercially, makes sense in terms of the positive relationship of body size with geographical range size, fecundity and other factors [24, 62, 63] .
Conclusion
A major obstacle to conservation and management policymaking efforts globally is the patchy availability of extinction risk estimates for living taxa, particularly marine species. The PERIL metric provides relative estimates of vulnerability for species that are otherwise difficult to evaluate, and the inclusion of data on prior extinction rates within lineages adds an under-used dimension to risk assessment. By integrating extinction histories from the fossil record with present-day biodistributional data, PERIL scores for regions or clades can usefully be mapped alongside stressors, to pinpoint situations of most immediate concern for conservation and management.
Data accessibility. Data files are available from the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.n8f2q8g [64] . Dataset S1: [file: 'PERIL_rawdata.csv'] Modern Bivalvia-5681 currently valid species with range sizes (raw convex hulls and convex hulls clipped to water depths of 200 m (i.e. the generalized shelf-slope break), realized thermal niches and extinction rates, downloaded on 29-6-2018. Dataset S2: [file: 'paleoPERILscores.csv'] Pliocene Bivalvia from California [36] and NZ [37] ; a total of 444 species from two faunas, with range sizes, temperature ranges, extinction rates, PERIL scores and taxonomic notes. R code [files: PERIL_metric.R, paleoPERIL_me-tric.R] is also provided for calculation of PERIL scores and reproduction of non-map figures.
